NADH-dependent glutamate synthase (NADH-GOGAT
In most plants primary assimilation of inorganic N results from the collaborative activity of two enzymes, GS (EC 6.3.1.2) and GOGAT (EC 1.4.1.14) (Lea et al., 1990; Lam et al., 1996) . GS catalyzes the ATP-dependent amination of glutamate, producing Gln. GOGAT catalyzes the reductive transfer of the amido group of Gln to the ␣-keto position of 2-oxoglutarate, yielding two molecules of glutamate (Boland and Benny, 1977) . GOGAT, together with GS, maintains the flow of N from NH 4 ϩ into Gln and glutamate. These products are then used for several other aminotransferase reactions in the synthesis of amino acids (Lea et al., 1990) . Kinetic and inhibitory studies suggest that GOGAT is the rate-limiting step through the GS/GOGAT cycle (Chen and Cullimore, 1989; Baron et al., 1994) .
In higher plants GOGAT occurs as two distinct forms, using Fd or NADH as a reductant. In addition to reductant specificity, the enzymes differ in molecular mass, kinetics, and antigenicity (Lea et al., 1990; Temple et al., 1998) . Fd-GOGAT (EC 1.4.7.1) is localized in chloroplasts (Wallsgrove et al., 1979; Becker et al., 1993) . The monomeric enzyme is suggested to be an Fe-S protein (Hirasawa and Tamura, 1984; Knauff et al., 1991) with a molecular mass of 140 to 160 kD (Lea et al., 1990; Temple et al., 1998) . Fd-GOGAT cDNAs have been cloned from maize (Sakakibara et al., 1991) , tobacco (Zehnacker et al., 1992) , barley (Avila et al., 1993) , alfalfa (Vance et al., 1995) , Arabidopsis (Lam et al., 1996) , and spinach (Nalbantoglu et al., 1994) . Application of NO 3 Ϫ , which strongly induces nitrate reductase (EC 1.6.6.1), has only a minor effect on the expression of Fd-GOGAT in leaves, suggesting that the major role of Fd-GOGAT is probably the reassimilation of ammonia derived through photorespiration (Somerville and Ogren, 1980; Kendall et al., 1986; Sakakibara et al., 1992) .
Like Fd-GOGAT, the plant NADH-GOGAT protein (EC 1.4.1.14) is a monomer with a molecular mass of 200 to 240 kD (Gregerson et al., 1993b; Vance et al., 1995; Temple et al., 1998) . cDNA clones have been reported for Arabidopsis (Lam et al., 1996) and alfalfa (Gregerson et al., 1993b) , and the enzyme has been purified from pea (Chen and Cullimore, 1988) , lupine (Boland and Benny, 1977) , rice (Hayakawa et al., 1992) , and alfalfa (Anderson et al., 1989) . Additionally, genes corresponding to a rice (Goto et al., 1998) and an alfalfa NADH-GOGAT cDNA (Vance et al., 1995) have been isolated and characterized. In alfalfa the NADH-GOGAT transcript is 7.2 kb long and encodes a 2194-amino acid protein, including a 101-amino acid precursor peptide. The NADH-GOGAT gene is 14 kb long and is composed of 22 exons interrupted by 21 introns. In green tissues of alfalfa NADH-GOGAT enzyme activity and the abundance of its mRNA is low to nondetectable (Gregerson et al., 1993b) . However, NADH-GOGAT activity increases severalfold during alfalfa root nodule development (Gregerson et al., 1993b) and is the major form of GOGAT in this tissue (Vance et al., 1995) . This increase corresponds with an increase in enzyme protein and mRNA (Gregerson et al., 1993b) . Moreover, this increase in NADH-GOGAT expression appears to be restricted to nodules capable of N 2 fixation. In contrast, other nodule-enhanced enzymes involved in N 2 assimilation, such as aspartate aminotransferase (EC 2.6.1.1), GS, PEP carboxylase (EC 4.1.1.31), and Asn synthetase (EC 6.3.5.4), were expressed in both effective and ineffective nodules (Groat and Vance, 1981; Vance and Gantt, 1992; Vance et al., 1994) .
Further understanding of the regulation of NADH-GOGAT in alfalfa nodules necessitates the identification of cellular patterns of transcript accumulation and the definition of elements in the 5Ј flanking region of the gene that controls expression in nodules. In this report we document NADH-GOGAT transcript accumulation in cells of both effective and ineffective nodules during root nodule development and relate this expression to that of nitrogenase and leghemoglobin. In addition, promoter deletion analysis using the GUS reporter gene in transgenic alfalfa is performed to define elements controlling root nodule specificity.
MATERIALS AND METHODS

Plant Material and Bacterial Strains
Alfalfa (Medicago sativa L.) cv Saranac and a single generecessive genotype "ineffective Saranac" (in 1 Saranac) forming non-N 2 -fixing, early-senescing nodules (Peterson and Barnes, 1981) were used in this study. Seeds were obtained from Dr. J.F.S. Lamb (U.S. Department of Agriculture, Agricultural Research Service, St. Paul, MN). Although alfalfa is an outcrossing-tetraploid species, precluding the formation of isogenic lines, more than 90% of the in 1 Saranac genotype comes from the cv Saranac background.
Plants of these two genotypes were maintained in greenhouse sand benches and inoculated with effective Sinorhizobium meliloti 102F51 as described by Egli et al. (1989) . For analysis of NADH-GOGAT expression in bacterial conditioned ineffective nodules, cv Saranac seeds were surfacesterilized (70% ethanol for 10 min) and planted in sterilized sand inoculated with ineffective S. meliloti F642, dctA (dicarboxylic acid uptake deficient; Yarosh et al., 1989) or 7154, exoH (acid exopolysaccharide succinylation deficient; Leigh et al., 1987) . These strains were generous gifts of Turlough Finan (McMaster University, Hamilton, Ontario, Canada) and Ann Hirsch (University of California, Los Angeles), respectively. The plants inoculated with mutant Sinorhizobium strains were grown in growth chambers (Conviron PGV 36, Controlled Environment, Ltd., Winnipeg, Manitoba, Canada 2 ). To exclude contamination with wild-type Sinorhizobium, nitrogenase activity was assayed as H 2 evolution in an open-flow system adapted from Minchin et al. (1983) using a nitrogenase-activity analysis system (Morgan Scientific, Haverhill, MA) . For all studies the planting date was designated as d 0.
PCR for NADH-GOGAT
Two degenerate oligonucleotide primers were synthesized for the amplification of NADH-GOGAT genomic sequences. Each primer is complementary to conserved sequences in the Fd-GOGAT of tobacco (Zehnacker et al., 1992) and barley (Avila et al., 1993) and the NADH-GOGAT of alfalfa (Gregerson et al., 1993b) and Escherichia coli (Oliver et al., 1987 ) (see Fig. 1 ). The primer sequences are as follows: primer 1, GCNAT(A/C/T)AA(A/G)CA (A/G)GTNC; primer 2, CCNCCNGTCAT(A/G)TA(T/C) TC(A/G)CA. Fifty microliters of PCR reaction contained 0.1 g of genomic alfalfa DNA, 2.5 mm MgCl 2 , 1ϫ Taq DNA polymerase buffer (50 mm KCl, 10 mm Tris-HCl, 0.1% Triton X-100, pH 9.0) (Promega), 200 m of each deoxyribonucleotide triphosphate, 25 pmol of primer, and 5 units of Taq DNA polymerase (Promega). PCR was performed for 30 cycles and the amplification conditions were 95°C for 1 min followed by 45°C for 30 s and 72°C for 2 min; final elongation was at 72°C for 5 min. The amplification products were purified and cloned into a pGEM-T vector (Pharmacia). The PCR product was sequenced by chain terminators with the T7 primer using Sequenase (Amersham). Sequence analysis was performed using the Genetics Computer Group (Madison, WI) sequence-analysis software package.
Preparation of RNA Probes
All probes used in this study were generated from linearized pBluescript KS ϩ plasmids (Stratagene), containing a 1.8-bp (BamHI-NotI) NADH-GOGAT cDNA fragment (Gregerson et al., 1993b) , a 1.1-bp nifH gene fragment, or a 0.9-bp leghemoglobin cDNA fragment. Each construct was linearized with the appropriate enzymes and transcribed in the sense and antisense directions using T3 or T7 RNA polymerases and [
35 S]UTP as described by the manufacturer (Stratagene). The nifH gene fragment and the leghemoglobin cDNA fragment were generous gifts from Mike Sadowsky (University of Minnesota, St. Paul) and Ann Hirsch, respectively. The probes were partially degraded to a length of 150 nucleotides by heating at 60°C in a 0.06 m Na 2 CO 3 /0.04 m NaHCO 3 solution (Cox and Goldberg, 1988) .
In Situ Hybridization
The tissue for all in situ hybridizations was collected as follows. The planting date is considered to be d 0; at harvest dates, only the two top root nodules on the main root were used for subsequent studies. In situ hybridization was carried out essentially as described by Fleming et al. (1993) . Tissues were fixed in 4% paraformaldehyde and 0.25% glutaraldehyde in 50 mm sodium phosphate buffer, pH 7.2. The tissues were then rinsed twice in the same buffer and twice in deionized water, and dehydrated in a graded ethanol series. After the absolute ethanol was replaced with xylene, tissues were embedded in Paraplast (Oxford Labware, St. Louis, MO). The embedded tissues were sectioned at a thickness of 7 m and affixed to polyl-Lys-coated slides. Hybridizations were performed in mineral oil as described by Heintzen et al. (1994) , and the final wash conditions were 0.1ϫ SSC (1ϫ SSC ϭ 0.15 m NaCl, 15 mm sodium citrate) including 1 mm DTT at 50°C for 20 min. In situ hybridization slides of effective nodules were exposed to emulsion for 10 to 14 d, and those performed with ineffective nodules were exposed for 26 to 28 d. After development the sections were stained with 0.05% toluidine blue O, dehydrated, and mounted with Permount (Fisher Scientific). Sections were viewed and photographed with a Labophot microscope (Nikon) equipped with dark-and bright-field optics.
Construction of Chimeric Genes and Plant Transformation
Standard DNA techniques were used for DNA manipulations (Sambrook et al., 1989) . Sequence analyses of these chimeric genes demonstrated that each insert was correctly cloned. Nine promoter constructs were generated, one transcriptional and eight translational fusions. The 3Ј end of the transcriptional fusion (GScript) is 103 bp 5Ј of the translational start codon of NADH-GOGAT. Constructs GLate and G1 through G7 are translational fusions to the GUS gene, and the 3Ј end of all these constructs is 8 bp past the ATG of the NADH-GOGAT gene. GLate, G5, and G7 are restriction fragments from the originally isolated 5Ј upstream region of the NADH-GOGAT gene. G1, G2, G3, G4, and G6 are PCR products that have been amplified using a common 3Ј primer and a specific 5Ј primer. All promoter sequences were cloned in the vector pBI101.2 (Clontech, Palo Alto, CA).
The promoter-GUS constructions were introduced into Agrobacterium tumefaciens LB4404 by electroporation. Transgenic alfalfa plants were obtained essentially as described by Austin et al. (1995) using a clone selected from the alfalfa cultivar, RegenSY (Bingham, 1991) . Regenerated plants were propagated by cuttings. Verification that plants were transformed with the respective constructs was obtained by PCR analysis of DNA extracted from the regenerated plants. Cuttings were maintained in vermiculite and inoculated with S. meliloti strain 102F51. Nodule tissues were collected 12 to 26 d after inoculation for GUS enzymatic assays and histochemical detection.
Analysis of GUS Activity
The detection of GUS activity in nodules was performed by the procedure described by Jefferson (1987) . The GUSstained tissues were fixed in 4% paraformaldehyde and 0.25% glutaraldehyde in 50 mm sodium phosphate buffer, pH 7.2, rinsed in deionized water, and stored in 70% ethanol until they were photographed. GUS activity was determined as described by Jefferson (1987) . Nodules were collected and homogenized in extraction buffer. After centrifugation the supernatant was used to quantitate GUS activity using 4-methylumbelliferyl ␤-d-glucuronic acid as a substrate. Tissues from regenerated nontransformed plants were used to quantitate background activity. Enzyme activity was determined with a minifluorometer (TKO-100; Hoefer Scientific, San Francisco, CA). The protein concentration was determined using protein assay (Bio-Rad). The kinetic data obtained were further analyzed using a statistical program (Statistix, Analytical Software, Tallahassee, FL). Because the sample population for each promoter-deletion construct did not have a normal distribution, the data were transformed (log[x ϩ 1]) to achieve homogeneity of variance. The transformed data were then analyzed using analysis of variance and the corresponding lsd was calculated. The level of significance was set at P Ͻ 0.01. Because many differences in GUS activity for adjacent promoter constructs were not significant, we further analyzed the data using linear regression. Therefore, the transformed means were plotted against the corresponding length of the deletion (bp) (1/log[bp ϩ 1]). We found a positive linear relation between deletion length and GUS activity (r 2 adjusted ϭ 73.37%; P ϭ 0.0041).
RESULTS
Screening for Other NADH-GOGAT Isoforms in the Alfalfa Genome by PCR
To determine if there are other NADH-GOGAT isoforms in alfalfa, we designed degenerate primers from the conserved regions of the deduced amino acid sequence of Fd-GOGAT from tobacco (Zehnacker et al., 1992) and barley (Avila et al., 1993) and the NADH-GOGAT from alfalfa (Gregerson et al., 1993b) and E. coli (Oliver et al., 1987) (Fig.  1) . PCR reactions were performed with alfalfa genomic DNA (cv Saranac), and all PCR products of at least the size of the corresponding NADH-GOGAT cDNA fragment (1.4 bp) were cloned into pGEM-T (Pharmacia). Fourteen positive clones derived from four independent PCR reactions were greater than 99% similar to the originally reported NADH-GOGAT gene (Vance et al., 1995) for exon as well as intron sequences.
Localization of NADH-GOGAT mRNA in Alfalfa Root Nodules by in Situ Hybridization
To localize the NADH-GOGAT transcript in root nodules, we performed in situ hybridization. Nodule ultrastructure was classified based on the nomenclature of Vasse et al. (1990) . Five distinct zones were defined along the axis in a longitudinal section through an alfalfa nodule: the nodule meristem (zone I), passing to the invasion zone (zone II), the amyloplast-rich interzone (zones II-III [*]), the N 2 -fixing zone and proximal inefficient zone (zone III), and the senescent zone (zone IV) ( Figs. 2A and 3G ). When sections of a 19-d-old nodule were hybridized with a NADH-GOGAT antisense RNA probe, hybridization specific for NADH-GOGAT mRNA, seen in the dark field as a bright silver grain, was observed in the interzone and the N 2 -fixing zone (Fig. 2, A and B) . No NADH-GOGAT transcript was detected in the meristem (Fig. 2 , C and F), the invasion zone (Fig. 2, C and D) , or the cortical tissue (Fig. 2, E and F) . Enhanced NADH-GOGAT gene expression began just adjacent to the invasion zone (Fig. 2, C and D) . Little NADH-GOGAT hybridization signal was found in uninfected cells (Fig. 2, C-H) , suggesting that NADH-GOGAT is predominantly expressed in the infected cells. No significant hybridization signal was obtained when alfalfa root nodules were probed with a NADH-GOGAT sense RNA probe (Fig. 2, I -L).
In Situ Localization of NADH-GOGAT mRNA during the Development of Effective and Ineffective Nodules
We previously reported an increase in the abundance of NADH-GOGAT-specific transcripts in RNA isolated from developing effective nodules, from d 8 after inoculation to d 33. A comparable increase was not detected in either plant-or bacteria-controlled ineffective nodules (Gregerson et al., 1993b; Vance et al., 1994) . To study the regulation of the NADH-GOGAT gene during nodule development in effective cv Saranac and plant-controlled ineffective cv Saranac nodules, in situ hybridizations were performed comparing the spatial and temporal expression patterns of NADH-GOGAT using 7-, 9-, 19-, and 33-d-old nodules. Hybridization specific for NADH-GOGAT mRNA was detected in effective 7-d-old nodules 2 d before the onset of N 2 fixation (Fig. 3, A and B) (Gantt et al., 1992 ; G.B. Trepp and C.P. Vance, unpublished results) . Similarly, ineffective nodules also had a detectable hybridization signal for the NADH-GOGAT transcript at this time (Fig. 3, I and J). By d 9, at the onset of N 2 fixation (Gantt et al., 1992; G.S. Trepp and C.P. Vance, unpublished results), we observed a strong signal in the infected cells of effective nodules throughout the central nodule tissue (Fig. 3, C and D) . In plantcontrolled ineffective nodules hybridization to NADH-GOGAT mRNA was also observed in the infected cells (Fig.  3, K-N) . As a result of early senescence the nodules generally contained a smaller number of infected cells (Fig.  3, M and N) . In these ineffective nodules the signal representing NADH-GOGAT transcript was observed in a thin layer of cells behind the invasion zone where the infected cells were intact.
At d 19 effective nodules had a very strong signal for NADH-GOGAT transcript in the infected cells. Expression was highest in the interzone and decreased gradually to a low signal in the proximal regions of the nodule (Fig. 3, E  and F) . In contrast, every 19-d-old ineffective cv Saranac nodule examined contained large senescing zones. Additionally, the infected cells in these nodules were arranged in two patterns. One formed an enlarged 8-to 15-cell-wide symbiotic zone followed by a large senescent zone (Fig. 3 , O and P), and the second formed a very short 2-to 4-cellwide symbiotic zone followed by a large senescent zone (Fig. 3, Q and R) . In both types the signal appeared to be restricted to the infected cells. In 33-d-old nodules the in situ hybridization signal for NADH-GOGAT mRNA in cv Saranac nodules was observed only in the 5-to 15-cell-wide zone including the interzone and the distal part of the N 2 -fixing zone (Fig. 3, G and H) . No NADH-GOGAT transcripts were apparent in the proximal part of the N 2 -fixing zone or the senescent zone. The signal specific for NADH-GOGAT mRNA at 33 d in ineffective nodules had the same distribution pattern that was described for the effective nodule (Fig. 3, S and T) . However, hybridization was very weak and several attempts had to be made to obtain a sufficient signal.
Localization of NADH-GOGAT, nifH, and Leghemoglobin in 33-d-old Alfalfa Root Nodules Using Serial Sections
We performed in situ hybridizations to test whether the expression pattern of NADH-GOGAT in 33-d-old nodules was unique or whether this is a common pattern for genes involved in N 2 fixation. We made serial sections, which allowed us to directly compare the expression patterns of NADH-GOGAT, a subunit of the nitrogenase protein (nifH), and leghemoglobin (mslbc3) in the same nodule. The signal for NADH-GOGAT mRNA agrees with the previously described pattern (Fig. 3, G and H) . NADH-GOGAT gene expression was detected in a 5-to 15-cell-wide zone including the interzone (zone II-III [*]) and the N 2 -fixing zone (zone III) (Fig. 4, A and B) . The signal corresponding to leghemoglobin gene expression was detected throughout the nodule interior, including the invasion zone (zone II), the interzone (zone II-III [*]), and the N 2 -fixing zone (zone III). However, expression appeared strongest in a 5-to 15-cell-wide zone including the interzone (zone II-III [*]) and the N 2 -fixing zone (zone III) (Fig. 4, C and D) . The signal specific for nifH gene expression was in the N 2 -fixing zone (zone III) in a 5-to 15-cell-wide area similar to that observed for NADH-GOGAT (Fig. 4, E and F) .
Localization of NADH-GOGAT Transcripts in Ineffective Nodules Formed on Effective cv Saranac by Ineffective S. meliloti Strains
NADH-GOGAT appears to be expressed predominantly in infected cells. We addressed the question of whether the presence of S. meliloti was necessary for NADH-GOGAT gene expression in root nodules. Therefore, we examined ineffective nodules derived through the infection of two S. meliloti fix Ϫ mutants. Nodules formed by S. meliloti F642, which is deficient in dicarboxylic acid transport (Yarosh et al., 1989) , are generally much smaller than wild-type nodules. These nodules contain S. meliloti; however, the S. meliloti does not differentiate into fully developed bacteroids and therefore cannot fix atmospheric dinitrogen. In 19-d-old nodules induced by S. meliloti F642, NADH-GOGAT transcripts were detected in the infected cells (Fig. 5, A and B) . The transcript abundance is low, comparable to that of ineffective cv Saranac. S. meliloti strain 7154 (Leigh et al., 1987) , which is deficient in the acid exopolysaccharide succinylation, induces aborted infection threads and thus the S. meliloti is not released into plant cells. S. meliloti 7154 is able to induce the formation of root nodules; however, they are tumor-like, non-N 2 -fixing nodules. In 19-d-old nodules formed by S. meliloti 7154, we were unable to detect a significant hybridization signal to NADH-GOGAT transcripts (Fig. 5, D and  E) . Control experiments performed with sense riboprobes showed no significant hybridization signal (Fig. 5, C  and F) .
Analysis of the 5 Upstream Region of the NADH-GOGAT Gene in Transgenic Alfalfa Plants
Our previous data (Gregerson et al., 1993b; Vance et al., 1995) demonstrated that during the development of effective alfalfa nodules NADH-GOGAT transcripts increased some 10-to 20-fold, whereas roots and leaves accumulated little or no transcript. Moreover, a translational fusion made with the putative promoter region of NADH-GOGAT fused to the GUS gene directed reporter gene activity to the nodules of alfalfa and trefoil (Vance et al., 1995). These data, together with the in situ hybridization results described above, led us to further investigate the transcriptional regulation of the NADH-GOGAT gene. To further investigate that the 5Ј flanking region of NADH-GOGAT conferred expression in root nodules, GUS enzyme activity was evaluated in alfalfa plants transformed with either a translational (GLate) or a transcriptional (GScript) fusion. GUS enzyme activity was 3-to 20-fold higher in nodules than in leaves, stems, and roots, irrespective of whether reporter gene activity was controlled by a translational (GLate) or a transcriptional (GScript) NADH-GOGAT promoter construct (Table I ). The differences in GUS enzyme activity between GLate and GScript were not significant. In an attempt to identify elements in the 5Ј flanking region of the gene that direct and limit expression to the root nodule, chimeric reporter genes were constructed containing sequences of various lengths upstream of the transcriptional start site fused to GUS (Fig. 6 ). These constructs were used to transform alfalfa, and the regenerated plants were assayed for GUS activity and stained for histochemical localization of GUS (Fig. 6A) . GUS activity in transgenic plants was quantified by a fluorometric assay (Jefferson, 1987) (Fig. 6B) . Nodules taken from plants containing the longest deletion, GLate (Ϫ2700), had the greatest total GUS activity. Although total GUS activity was reduced in nodules from plants containing deletions G1, G2, G3, and G4, statistical analysis of adjacent deletions showed no significant differences (P Ͻ 0.01). However, when the region between G4 (Ϫ356) and G5 (Ϫ241) was deleted, GUS activity decreased significantly (P Ͻ 0.01). In contrast, when the region from G5 (Ϫ241) to G6 (Ϫ151) was deleted, the GUS activity increased dramatically; the deletion of G6 (Ϫ151) to G7 (Ϫ82) reduced all GUS activity from nodules to background levels (P Ͻ 0.01).
The two largest constructs, GLate (Ϫ2700) and G1 (Ϫ1064), directed reporter gene activity to the N 2 -fixing zone (zone III) of effective root nodules (Fig. 7, A and B) , consistent with in situ hybridization data. However, it was not unusual to find the root nodule meristem (zone I), the invasion zone (zone II), and/or the vascular tissue staining in some plants carrying GLate and G1 promoter constructs. When the G1 construct was shortened, resulting in construct G2, significantly different patterns of GUS localization were noted (Fig. 7C) . In root nodules the G2 promoter fragment (Ϫ655) directed reporter gene expression to the vascular tissue and/or the root nodule meristem, but not the central zone of the nodule. These data indicate that elements within the 5Ј upstream region between G1 (Ϫ1064) and G2 (Ϫ655) control reporter-gene expression in the N 2 -fixing zone. Within this region is an 88-bp direct repeat. Plants carrying deletions G3, G4, G5, and G6 had a staining pattern similar to that of plants carrying deletion G2 (data not shown). Construct G7 resulted in a loss of all GUS staining in nodules (Fig. 7D) . These data indicate that two regions of the 5Ј upstream region contribute to nodule activity. The region from Ϫ1064 to Ϫ655 appears to control reporter gene activity in the interior N 2 -fixing zone, whereas the region from Ϫ155 to Ϫ89 contains elements that affect activity in other zones of the nodule.
DISCUSSION
To accurately determine the expression pattern of NADH-GOGAT in root nodules through in situ hybridization experiments and promoter deletion analysis studies, we thought it necessary to assess whether alfalfa contains multiple NADH-GOGAT genes. Previous results (Gregerson et al., 1993b; Vance et al., 1995) indicated that NADH-GOGAT occurred as either a small gene family or a single gene with multiple alleles. The fact that all PCR products amplified from genomic DNA with degenerate primers were greater than 99% identical across introns gives strong support for the latter interpretation. Additionally, the NADH-GOGAT gene has been mapped to a single locus on the genetic map of alfalfa (G.B. Kiss, personal communication). However, multiple alleles of a single gene would be expected in this outcrossing, tetraploid species. Multiple alleles have also been reported for the aspartate aminotransferase and PEP carboxylase genes (Gregerson et al., 1993a; Pathirana et al., 1997) . A single form of NADH-GOGAT is also consistent with biochemical data showing a single form of NADH-GOGAT in alfalfa (Anderson et al., 1989) . In contrast, two isoforms of NADH-GOGAT have been documented in bean root nodules (Chen and Cullimore, 1988) , and a preliminary report suggests two distinct cDNAs (M. Lara, L. Blanco, and C.P. Vance, unpublished results) .
In situ hybridization experiments give new insights into the regulation of the NADH-GOGAT gene in developing effective and ineffective alfalfa root nodules. The transcript specific for NADH-GOGAT is triggered in the infected cells of the interzone of alfalfa root nodules. Toward the proximal end of zone III (the N 2 -fixing zone), NADH-GOGAT expression declines as infected cells become older. Similar results have been reported for leghemoglobin (de Billy et al., 1991) , GS (Temple et al., 1995) , and PEP carboxylase (Pathirana et al., 1997) . The interzone seems to be an area where several developmental changes occur. In addition to the enhanced expression of several genes encoding enzymes of the N and C metabolism, bacteroid morphology shifts from nonfixing type 3 to larger, more pleiomorphic N 2 -fixing type 4 (Vasse et al., 1990) . Also in this region, plant cells enlarge substantially, amyloplasts accumulate, and in pea and vetch the expression of the early nodulins PsENOD5, PsENOD12, and VsENOD12 declines (Scheres et al., 1990; Franssen et al., 1992; Vijn et al., 1995) .
In previous studies, which relied on RNA-blot analysis, we detected little to no NADH-GOGAT transcript in plantcontrolled ineffective nodules (Gregerson et al., 1993b; Vance et al., 1995) . The enhanced sensitivity of detection by in situ hybridization coupled to cellular localization of transcript allowed us to determine that NADH-GOGAT is expressed in plant-controlled ineffective nodules at d 7, synchronous with expression occurring in effective nodules. By d 9 and 19 in ineffective nodules, NADH-GOGAT expression was limited to only a few layers of infected cells. At these same times in the effective symbiosis, NADH-GOGAT transcripts were detected throughout the nodule. Although it is difficult to estimate precise quantitative differences in the amount of transcripts using in situ hybridization, it appears that the amount of NADH-GOGAT transcript is substantially lower in the cells of the ineffective symbiosis than in the cells of the effective symbiosis. Thus, not only do ineffective nodules have a reduced number of cells expressing NADH-GOGAT, but they also have a lower total amount of transcript.
The reduced amount of NADH-GOGAT gene expression probably results from several factors. Nodules formed on ineffective cv Saranac plants and nodules formed by S. meliloti F642 show early senescence. Egli et al. (1989) and Pladys and Vance (1993) showed cellular deterioration and enhanced proteolysis in 9-d-old ineffective cv Saranac nodules, resulting in a substantial reduction of infected cells. Alternatively, the reduced amount of transcript could be attributable to either the lack of NH 4 ϩ (or product derived from NH 4 ϩ ) or the failure of S. meliloti to become fully differentiated into competent bacteroids. Vasse et al. (1990) noted that bacteroids in ineffective cv Saranac do not develop beyond the type 3 stage. Bacteroids in this stage in normal N 2 -fixing nodules are smaller, have a less pleiomorphic shape, and do not fix N 2 compared with type 4 bacteroids. For deletions GLate (A) and G1 (B), individual transformants with GUS activity close to the mean had a GUS staining pattern similar to the results obtained for in situ hybridizations. A loss in tissue specificity was observed in deletion G2 (C), whereas no GUS staining was observed in deletion G7 (D). E, The 409-bp region between deletion G1 and G2. The 88-bp direct repeat is overlined, and the location of the conserved octanucleotide motif is underlined.
The intense hybridization of NADH-GOGAT transcript seen in infected cells and the absence of a hybridization signal in other developmental zones and uninfected cells suggest that the presence of bacteria/bacteroid may be a prerequisite for NADH-GOGAT expression. This point is further supported by the absence of NADH-GOGAT transcript in empty nodules induced by S. meliloti 7154. Although the presence of bacteria/bacteroid appears to be a prerequisite to trigger NADH-GOGAT transcription, expression does not require active nitrogenase. Two lines of evidence support this thinking. First, we found that NADH-GOGAT transcripts can be detected in 7-d-old nodules, significantly earlier than nitrogenase activity can be measured (Gantt et al., 1992) . Second, transcripts of NADH-GOGAT can be detected, albeit at reduced levels, formed in response to fix Ϫ bacteria such as S. meliloti F642 or from the plant-controlled ineffective genotype in 1 Saranac.
Although the presence of bacteria/bacteroid may be a prerequisite to trigger NADH-GOGAT gene expression, a different mechanism may be involved in the downregulation of the gene. In 33-d-old nodules NADH-GOGAT transcripts are restricted to a 5-to 15-cell-wide zone, including the interzone and the proximal part of the N 2 -fixing zone. Although bacteroids are present in the distal part of 33-d-old nodules, no signal for the NADH-GOGAT transcript could be detected. By comparing NADH-GOGAT to nifH and leghemoglobin expression, it appears that the NADH-GOGAT expression pattern is similar to that of nifH, but not to that of leghemoglobin. Therefore, similar or common factors may be involved in the regulation of NADH-GOGAT and nifH. Vasse et al. (1990) reported that in the proximal part of the N 2 -fixing zone, the bacteroid morphology changes from type 4 to type 5. Moreover, they suggested that the type 5 bacteroid is inefficient in N 2 fixation. It would be tempting to suggest that N 2 fixation is restricted to the areas where both nifH and NADH-GOGAT are expressed. However, additional data are needed to link the changes in bacteroid morphology with the disappearance of nifH and NADH-GOGAT transcripts.
The analysis of the 5Ј upstream region of the NADH-GOGAT gene led to the identification of four possible regulatory regions, one responsible for directing expression in the N 2 -fixing zone, two positive elements, and one negative element. Earlier we reported that the 5Ј upstream region of the NADH-GOGAT gene directs expression of the GUS reporter gene in the alfalfa root nodule meristem (zone I), invasion (zone II), interzone (zone II-III [*]), and N 2 -fixing (zone III) zones (Vance et al., 1995) . Detection of the NADH-GOGAT message by in situ hybridization showed that the transcript is absent in the meristem (zone I) and invasion (zone II) zones of the nodule. This discrepancy could be the result of two factors: (a) the integration site of the promoter reporter gene construct into the plant genome influences transcription and thus distorts localization; or (b) the GUS protein and/or reaction substrate could diffuse during the infiltration and incubation procedure and therefore be another source of distortion.
However, for constructs GLate and G1, plants with GUS enzyme activity closest to the mean had a histochemical staining pattern similar to the results obtained from in situ hybridization. These data indicate that the two constructs contain elements necessary for expression of the NADH-GOGAT gene in the N 2 -fixing zone of a root nodule. By contrast, a consistent loss of N 2 -fixing-zone specificity was observed in nodules of G2 plants, suggesting that an element for nodule-infected, cell-specific expression lies between G1 (Ϫ1064) and G2 (Ϫ655). It is interesting that this region contains an 88-bp direct repeat (Fig. 7E) . Of the 408 bp found in the region controlling N 2 -fixing-zone specificity, 176 bp or 43% of the sequence occur in this direct repeat. However, the conserved elements 5Ј-AAAGAT and 5Ј-CTCTT, which have been associated with nodule specificity of late-nodulin genes (Sandal et al., 1987; de Bruijn and Schell 1993) , were found neither in the 88-bp direct repeat nor in the G1 (Ϫ1064) to G2 (Ϫ655) region. By comparing the 88-bp direct repeat against 5Ј upstream regions of other nodulin and nodule-enhanced genes, we found a 14-bp AT-rich sequence also found in the alfalfa leghemoglobin promoter (5Ј-TTAATTAATAAATA-3Ј). This region contains a sequence similar to the proposed octanucleotide motif on the opposite strand (5Ј-AATAAATA-3Ј), which has been associated with positive regulatory elements in several other late-nodulin gene promoters (Forde et al., 1990) . Using gel-mobility-shift analysis, it was demonstrated that this motif is part of the NAT2 binding site in the soybean leghemoglobin (lbc3) (Jensen et al., 1988) and the soybean N23 promoter (Jacobsen et al., 1990) . In French bean, the promoter of the noduleenhanced GS (gln␥) contains this motif within two 21-bp AT-rich repeats that are binding sites for PNF-1 (Phaseolus nodule factor-1) (Forde et al., 1990) . When the region of the gln␥ promoter that contains these repeats was inserted in the Ϫ90 position of the cauliflower mosaic virus 35S promoter, the construct was able to direct expression of the GUS-reporter gene in birdsfoot trefoil root nodules (Shen et al., 1992) . However, the function of AT-rich elements, which serve as binding sites for nuclear proteins, is still unclear. Although such elements are often closely associated with positive regulatory elements in a wide variety of plant genes (Forde, 1994) , it has also been found that these AT-rich binding sites can be deleted without affecting gene expression (Forde, 1994) .
Although the region between G1 (Ϫ1064) and G2 (Ϫ655) seems to be important for reporter-gene expression in the N 2 -fixing zone of a root nodule, other than the AT-rich binding site, the deleted region does not contain regions with sequence homology to other reported sequences that have been associated with nodule specificity of latenodulin genes (Sandal et al., 1987; Forde et al., 1990; de Bruijn and Schell 1993) . These observations led us to two conclusions: (a) the deleted region may contain unknown elements responsible for nodule-specific expression; and (b) the deleted region contains elements involved in a physiological response of the plant cell, e.g. low oxygen partial pressure. Further analysis of this important region of the NADH-GOGAT promoter using finer deletions and gel-mobility-shift analysis may resolve this question.
Although construct G5 (Ϫ240) has the same histochemical staining as construct G4 (Ϫ343), we measured a signif-icant decrease in GUS activity (P Ͻ 0.01), suggesting the presence of positive element(s) associated with the deleted region. A significant increase in enzyme activity (P Ͻ 0.01) was measured between deletion G5 (Ϫ240) and G6 (Ϫ151), suggesting the presence of negative element(s) associated with this region. However, sequence analysis of the deleted regions did not reveal similarities to previously reported positive and negative elements. Between deletion G6 (Ϫ151) and G7 (Ϫ82) we measured a significant decrease in GUS activity (P Ͻ 0.01) to background levels, indicating the presence of positive element(s) associated with this region. Although deletion G7 (Ϫ82) still contained the putative TATA box (Ϫ21), the region between G6 (Ϫ151) and G7 (Ϫ82) lies within the area generally associated with elements responsible for regulating the frequency of transcription initiation (Kuhlemeier et al., 1987) . Such elements have been identified in animals as the conserved CAAT and GC boxes. However, in plants such boxes are often substituted (Kreis et al., 1986; Kuhlemeier et al., 1987) or absent (Kuhlemeier et al., 1987) .
In this study we have extended the understanding of NADH-GOGAT in N 2 fixation and N assimilation by showing that the enzyme is encoded by a single gene and that NADH-GOGAT transcripts predominantly accumulate in the infected cell of the N 2 -fixing zone, but do not require active N 2 fixation for initial expression. In addition, we have delimited several segments in the 5Ј upstream region of NADH-GOGAT that affect reporter-gene expression. One of them between G1 (Ϫ1064) and G2 (Ϫ655) contains an 88-bp repeat that may affect expression in the N 2 -fixing zone. Although these findings strengthen our original hypothesis that NADH-GOGAT represents a rate-limiting step in the assimilation of symbiotically fixed N in alfalfa nodules, further studies using antisense approaches are required to verify the strategic role of this important enzyme.
